analysis of two-headed KIFs and the single-headed University of Tokyo unc104/KIF1 subfamily, a 12-amino acid insert at the 7-3-1 Hongo Bunkyo-ku L12 region, which we named the K loop, is surmised to Tokyo 113-0033 work as the extra binding domain to the MT, which Japan dramatically increases the affinity to MTs. This supposition was supported by the result that the processivity of C351 and the C351-MT interaction were competitively Summary inhibited by a synthetic K loop peptide (synthetic lysine hexamer). However, the exact function of the K loop A two-headed structure has been widely believed to remains unclear. In addition, even if the K loop does be essential for the kinesin molecular motor to move indeed work as the high-affinity binding region, how processively on the track, microtubules. However, we does it contribute to the movement? have recently demonstrated that a monomeric motor
and give lollipop-like appearance ( Figure 1B) , indicating the high processivity (Case et al., 1997; Okada and Hirokawa, 1999). This showed that the K loop-deleted mutant has less affinity for MT and that its processivity is significantly decreased. These results demonstrate that the K loop is an essential prerequisite for the processive movement.
Comparison between the Structures of KIF1A and Kinesin How does the K loop work? Which region in tubulin is the binding site for the K loop? As the K loop is composed of 12 amino acids, the K loop was expected to be visualized as an additional density in the C351-MT complex, when compared to the map of the conventional kinesin head-MT complex. To this end, the structures of C351 and K340 (motor domain of the mouse conventional kinesin; Kikkawa et al., 1994) were studied in their MTcomplexed states using cryo-EM and helical image analysis. MTs mixed with these motors in the presence of AMPPNP appeared to be fully decorated after being frozen for cryo-EM (Figures 2A and 2E Table 1. 22 Å resolution 3D maps of the C351-MT complex and K340-MT complex are shown as surface representations ( Figures 2C and 2G , respectively). The polarity of the internal MTs was determined from sluing of the protofilament of the MT in a counterclockwise direction as seen from the plus end (Chré tien et al., 1996); all the MT figures in this paper are shown with the plus-end up, unless otherwise specified. In the C351-MT complex, C351 was identified as an asymmetric density bound to the left side of the MT protofilament ridge. The C351-MT interaction sites were separated into two parts, as viewed from the side ( Figure 2D ). We named the upper connection MB1 ( Figure 2D , MT binding 1 MB1), and the lower, MB2. Similar connections were also present in the K340-MT complex ( Figure 2H ), and the relative positions of these interaction sites with the MT were essentially the same as in the C351-MT complex.
Although K340 appeared as a "tear drop" structure 2H ). like an "arm" from the "teardrop"-shaped main body of Number of data sets is the number of independent near and far data sets averaged to yield the final 3D maps. Number of asymmetrical units is the number of asymmetric units (e.g., tubulin dimers) in the average. Resolution cutoff value was determined by the Fourier ring correlation ( Figure 2K ).
The existence of this arm of C351 was confirmed by to the loop regions, indicating that the core ␤ sheet is also conserved in the catalytic core of KIF1A. The largest statistical analysis. The t test procedure was applied to 12-amino acid insertion at L12 contains the K loop. The obtain a comparison between the motor-related mass additional masses found in the three-dimensional map densities of the C351-MT complex and the K340-MT might be attributable to these additional amino acids. complex ( Figure 2I The manual docking of the kinesin atomic model was interest, since this domain constituted the dominant difperformed in three steps. First, the long axis of the enveference between the two maps. For unambiguous docklope of C351, which runs almost parallel to the protofilaing, a higher resolution map was desirable. Fortunately, ment ( Figures 3C and 3D ), determined the long axis of since C351 has more than 100-fold higher affinity for kinesin atomic model in the envelope. The envelope of MT than K340, a higher resolution map was expected C351 is wide at its lower part ( Figure 3E ). In the "standard to be achievable.
view" of the atomic model, the shape of the core ␤ sheet To improve the resolution, an electron microscope is triangular with widening at the upper part along the equipped with a field emission gun was used, the posilong axis (Kull et al., 1996) . This shape determines the tional parameters for each repeat of the tube were pre-"polarity" of the long axis and the kinesin atomic model cisely aligned and contrast transfer function (CTF) was was placed so that L10 pointed toward the plus end of corrected. All the layer lines within the resolution ( and ␣7 (neck helix). Thus, the space may be occupied human kinesin, KIF1A has 4, 7, 8, and 12 additional by the C-terminal region of C351, which will form similar amino acids in the ␤7, L2, L3, and L12 domains, respecstructure to kinesin. In the lower part of C351, two unoccupied spaces are present, and these correspond to the tively. These additional amino acids are mainly mapped location of L2 and L3 where C351 has 7 and 8 additional MT ( Figure 5A ), the outer surface of the protofilament is roughly composed of four faces; namely F H12 , F H11 , amino acids, respectively. F H3-5 , and F H6,9,10 (see also Figure 6C ). Each subscript indicates the helices comprising the face. F H12 is mostly Gold Cluster Labeling covered by the mass of C351 ( Figure 5B ). On the left In order to test the accuracy of this docking, the K loop side of the F H12 , H11 forms a narrow face (F H11 ). On the was specifically labeled with a gold cluster (Au 11 ), and right side of F H12 , there is a wide face (F H3-5 ). In these its structure was also analyzed by cryo-EM. The accuthree faces (F H12 , F H11 and F H3-5 ), ␣ helices run at a shallow racy was judged from the distance between the Au 11 angle to the protofilament axis. All these faces are and C␣ of the labeled residue that was predicted from docked into the map with no gaps (Figure 5B ), leaving the docking. The distance was expected to be ‫51ف‬ Å limited rotational freedom for the tubulin atomic model according to the molecular structure of the gold cluster around the protofilament axis. This unambiguous docklabel.
ing of the tubulin atomic model provides additional eviFor the specific labeling, one of the amino acids in dence for the polarity of the MT, which is independent the K loop (threonine 301) was replaced by cysteine.
of the sluing of the protofilament. The introduced cysteine was more strongly reactive than
The inner side of the MT is mostly composed of loops other internal cysteines, because of the presence of (
Figure 5B Figure 5D , the C termini of H12 are located at balls). The coordinate system was defined arbitrarily so both the corresponding regions ( Figure 5D , arrowthat at the center of the MT is r ϭ 0, and both φ and z heads). The C termini of ␣-and ␤-tubulin contain 10 and are zero at the peak of gold density. In the amino acid 18 amino acids, respectively, which were not present in sequence alignment ( Figure 1A) , the K loop is the inthe tubulin atomic model due to the disorder. Part of serted fragment between S272 (163 Å , 0.3Њ, Ϫ16 Å ) and the MB3 and the small protrusions can be explained by T273 (162 Å , 0.6Њ, Ϫ12 Å ) of human kinesin. Thus, the these untraced amino acids of tubulin, which could be C␣ of the labeled cysteine was predicted to be located stabilized by the binding of C351. around these coordinates ( Figures 4B and 4C, green  balls) . From these coordinates, the distance from the C␣ of the cysteine to the center of the gold was calculated to KIF1A-Microtubule Interface be ‫61-31ف‬ Å ( Figure 4C, red arrow) . These values agree
The projections formed by L11, ␣4-L12-␣5, and L8/␤5a,b with the molecular structure of the gold cluster label, fitted well into the envelope between C351 and MT, with a few angstroms error. Therefore, this gold cluster indicating that these regions are involved in the C351-labeling experiment not only proved that MB3 is the K MT interaction (Figures 6A and 6B Figures 6A and 6B) . The K loop is highly positively charged. The C terminus of ␣-and ␤-tubulin are rich in negatively charged glutamate residues. In addition, the C terminus of tubulin is often modified by posttranslational polyglutamylation (Audebert et al., 1994). It is natural to suppose that the C terminus of tubulin and the K loop bind to each other by electrostatic forces. Thus, we named the C-terminal region of tubulin the "E hook" (E: one-letter code for glutamate) as a counterpart of the K loop.
Specific Biochemical Cross-Linking
Although the static structure of the K loop in the presence of AMPPNP has been clearly shown as above, its role during the processive movement of single-headed C351 is insufficiently elucidated. As suggested in our previous study (Okada and Hirokawa, 1999), binding in the "weak binding state" is the key process for the understanding of single-headed processivity. In this state, the processive motor should be able to move along the MT, and should be anchored to the MT against thermal fluctuations. With two-headed kinesin, the "hand-over-hand" model assumes that the second head anchors the whole molecule to the MT, while the "neck" region allows the movement to the next binding site. Clearly, this mechanism cannot be applied to single-headed C351. 
